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Retinal image quality is commonly analyzed through parameters inherited from instrumental optics. These parameters
are deﬁned for ‘good optics’ so they are hard to translate into visual quality metrics. Instead of using point or artiﬁcial
functions, we propose a quality index that takes into account properties of natural images. These images usually show
strong local correlations that help to interpret the image. Our aim is to derive an objective index that quantiﬁes the
10 quality of vision by taking into account the local structure of the scene, instead of focusing on a particular aberration.
As we show, this index highly correlates with visual acuity and allows inter-comparison of natural images around the
retina. The usefulness of the index is proven through the analysis of real eyes before and after undergoing corneal
surgery, which usually are hard to analyze with standard metrics.
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15 1. Introduction
The objective determination of retinal image quality and
its correlation with human perception has been an
important topic over the past two decades. The retinal
20 image is affected by aberrations, scattering, and diffrac-
tion; so optical properties of the eye are the most
important physical limits to vision. It has been investi-
gated by using both objective and psychophysical
subjective techniques [1–6] and by analyzing the sepa-
25 rated contribution of the different components of the
optical part of the human visual system (HVS) [7–9].
The interest in the measurement of image quality has
favored the development of different quality parameters,
all of them determined from the point spread function
30 (PSF), the modulation transfer function (MTF), or the
wave aberration, W(x, y) [10]. Although these quantities
strongly correlate with each other if the studied eyes
show small aberrations [11], this correspondence is lost
for highly aberrated systems [12].
35 Image quality prediction under image degradation is
not an exclusive issue of visual optics. Other ﬁelds, like
image and video processing, have explored this topic in
order to analyze the human tolerance to image degrada-
tion due to ‘lossy’ compression, transmission, and other
40 factors [13–15]. There, the image quality is usually
determined through opinion tests carried by trained
observers [16–18]. Connected with these tests, Wang
et al. proposed a mean structural similarity index
(MSSIM) [19], which measures the similarity between
45one image and its undistorted version by considering
local correlations and dependences.
Natural images generally show a strong dependence
between one point and its local neighborhood. This
dependence carries important information about the inner
50structure of the scene and helps the HVS to perform the
recognition and interpretation of the objects in it. We
make the hypothesis that the visual quality of the HVS
(usually measured through the decimal visual acuity, VA)
can be evaluated through metrics that take into account
55the structure of the scenes. Thus, we adapt the MSSIM
to the visual system and derive a visual mean structural
similarity index (VMSSIM). This index takes into
account both the imaging system and the structure of the
scene and is correlated with quality variation in the
60retinal image and the VA. The novelty of our proposal is
the translation of a metric typically used in the ﬁeld
of video and image processing to the ﬁeld of the visual
optics.
The manuscript is structured as follows. In Sections
652 and 3, we present the procedure followed to adapt and
apply the metrics and the used subjects, respectively.
Next, in Section 4, we demonstrate the performance of
the metric on real eyes. In Section 5, we compare results
between subjective visual acuity and objective values of
70the VMSSIM. Finally, we detail the main conclusions
reached in this work.
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2. Metrics and method
The MSSIM proposed by Wang et al. [19] is deﬁned by
the product of three factors: correlation between images,
5 luminance distortion, and contrast distortion. They try to
emulate the HVS’s ability to extract structural informa-
tion from natural scenes in order to analyze and compare
digital images. The metric is deﬁned on local kernels
that move over the reference and the target images, X
10 and Y, respectively, as:
MSSIMðX ; Y Þ ¼ 1
M
XM
j¼1
2lðxjÞlðyjÞ þ C1
l2ðxjÞl2ðyjÞ þ C1
 
 2rðxjÞrðyjÞ þ C2
r2ðxjÞ þ r2ðyjÞ þ C2
 
rðxj; yjÞ þ C3
rðxjÞrðyjÞ þ C3
 
;
ð1Þ
where M is the total number of ﬁtting windows, μ(xj)
and μ(yj) stand for mean values, σ(xi) and σ(yj) represent
15 the standard deviations and σ(xi, yj) is the covariance
between the corresponding local window of the X and Y
images, respectively. The higher the distortions of the
target image Y compared to the reference X, the more
different the MSSIM from the unit. Constants in the for-
20 mula are added to avoid the denominator becoming
equal to zero and are deﬁned according to the dynamic
range of the image L so that C2 ¼ C3 ¼ ð0:03LÞ2 and
C1 ¼ ð0:01LÞ2. In [20], the authors show that Equation
(1) can be simpliﬁed by dropping the ﬁrst factor, with no
25 appreciable change in the ﬁnal numerical result.
We propose to adapt the MSSIM to visual metrics.
In the absence of aberrations, the image quality of the
image on the retina is only affected by diffraction. An
eye free of aberrations with a 4 mm pupil diameter and
30 a wavelength of 555 nm theoretically provides a light
spot diameter at the retinal plane of around 6.0 μm,
which is equivalent to a maximum decimal visual acuity
of 2.4. According to this, we consider a renormalization
of the MSSIM so that its maximum value corresponds to
35 the best possible image on the retina and redeﬁne the
metrics to obtain the visual mean structural similarity
index as:
VMSSIMðX ; Y Þ ¼ 2; 4
XM
j¼1
2rðxj; yjÞ þ C2
r2ðxjÞ þ r2ðyjÞ þ C2
 
XM
j¼1
2rðxj; xNj Þ þ C2
r2ðxjÞ þ r2ðxDj Þ þ C2
 !;
ð2Þ
40 where the super index N stands for the initial scene
convolved with the diffraction mask. In our application,
the reference image is a known and recognizable scene;
and the distorted image is that obtained on the retina.
Accurate calculation of the retinal image is described in
45[21–25]. Brieﬂy, it starts with the determination of the
corneal topographic map, the corneal thickness, and the
size of the anterior chamber using a Pentacam system
[26] and an IOL Master. The effect of crystalline lens is
calculated according to the Kooijman’s model [27]. From
50these data, one can obtain the optical path for a bundle
of rays entering the eye and arriving to the plane imme-
diately posterior to the lens and use it to construct the
emerging wavefront, W0(x,y), which is ﬁnally propagated
through Fresnel algorithms up to the plane of interest
55inside the eye.
The main drawback of the above process is the use
of a lens model, which usually does not correspond to a
real one. Therefore, the objective refraction, which is
computed from the Zernike polynomial expansion of the
60wavefront function, W0(x,y) [28], may not match up with
the subjectively measured refraction. What we propose
to overcome this problem is to modify the wavefront by
changing the Zernike coefﬁcients related to astigmatism
and defocus in order to ﬁt the subjective test. The
65differences between measured and calculated refraction
are assigned to the crystalline lens, which somehow is
re-modeled and customized to better suit the real one.
The patterns, Uz(x, y), propagated up to any plane z
around the subject’s retina are obtained through the
70algorithm detailed in [25]. Let us consider the light
pattern leaving the lens as:
U0ðx; yÞ ¼ exp p2ðx
2 þ y2Þ
h i
exp i2p
k
W0ðx; yÞ
 
; ð3Þ
where we have incorporated the Stiles–Crawford effect [29]
75modeled as an apodizing ﬁlter [30] with the parameter p =
0.12 mm2 for a pupil of 4 mm diameter. If we remove the
convergent factor term exp½ipðx2 þ y2Þ=ðkzcÞ to the
pattern in Equation (3), i.e. we add a divergent beam to
the phase factor, we are relaxing the Nyquist condition so
80we can obtain the PSF at different planes around the retinal
one as:
jUzðx; yÞj2 ¼ DFT U 00ðx; yÞexp
ip
k
1
zc
 1
z
 
ðx2 þ y2Þ
  

2
:
ð4Þ
Using this algorithm, we can accurately compute the
85PSF on the retina or any other plane inside the eye. The
convolution of the ocular PSF with the reference scene
provides a good approximation of the effect of the
optical surfaces of the eye over the incident light. Next,
each distorted image is compared with the original
90input image and an axial VMSSIM can be evaluated
following [1]. Notice that neither the PSF nor the MTF,
its counterpart, are taken as absolute metrics. The
image obtained after convolution with the PSF is locally
AQ1
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analyzed and compared to a realistic reference so that
5 local information is taken into account.
3. Subjects
The performance and utility of the proposed metric is
shown through the study of the eyes of two subjects 47
and 51 years old, both suffering from high ametropia.
10 These subjects were surgically treated using the PresbyL-
asik technique [24]. Note that, the selection of these
subjects allows us to analyze both emmetropic (post-
surgery) and ametropic (pre-surgery) eyes. Moreover,
their quality cannot be adequately assessed through
15 standard metrics. The PresbyLasik technique consists of
increasing the spherical aberration in order to extend the
focal depth and, therefore, to create an effect on vision
known as pseudo-accommodation.
The biometric magnitudes needed to obtain the light
20 patterns inside the eye and the visual acuity for near and
far vision (Rosenbaum card at 40 cm and Snellen chart,
respectively) are presented in Table 1. We distinguished
between considering the ophthalmic correction (near best
corrected visual acuity, NBCVA; best corrected visual
25 acuity, BCVA) and without correction (near visual acuity,
NVA; visual acuity), and the residual accommodation
amplitude (RA).
4. Simulations and results
We have determined the light patterns inside the eye and
30 computed the VMSSIMs deﬁned in Equation (2) for both
subjects before and after undergone surgery. We would
like to point here that the change in the terms of the
expansion of W0(x,y) in Equation (3) in order to suit the
subjective refraction is only performed for the pre-
35 surgery eye. This change is assigned to an inaccurate
lens model and it is characterized with a convergent and
an astigmatic term. Those terms are introduced without
further correction in the lens model when we analyze the
post-surgery case.
40The VMSSIMs obtained together with the axial
proﬁles of the propagated beams are shown for both
subjects in Figures 1 and 2. Each plane is normalized to
the maximum in order to improve visualization and facili-
tate the comparison. The hyperopic subject shows, before
45the refractive surgery (Figure 1(b)), a spherical equivalent
refractive error (SE) of 4.13 D. This value almost
coincides with 4.07 D, which corresponds to the defocus-
ing value between the plane of maximum VMSSIM
(z = 23.72 mm) and the retinal plane (z = 22.12 mm).
50Moreover, the VMSSIM at the retinal plane (0.03) is close
to the uncorrected VA (0.05). Regarding near vision, if
one takes into account the subjective sphero-cylindrical
correction, the addition and part of the residual accommo-
dation, when the scene is 40 cm away from the subject,
55the image at the retinal plane is the one corresponding to z
= 23.71 mm, where the VMSSIM is 1.09. This value is
slightly higher than the visual acuity subjectively assigned
when the eye is corrected (NBCVA = 1).
Post-surgery results for subject A (Figure 1(c)) are
60optimum because the correction is 4.24 D. We deﬁne the
correction as the difference in diopters between the
planes that present a maximum VMSSIM in the pre- and
post-surgery states. In this case, the correction is the
distance in diopters between 23.72 mm and 22.05 mm.
65Post-surgery VA is 1, while the objective VMSSIM
value results 1.12, with no need of sphero-cylindrical
correction. Regarding the post-surgery NVA and taking
into account the residual accommodation, the VMSSIM
value, which is computed from the pattern at z = 21.94
70mm, is 0.84, also quite close to the subjective value.
Furthermore, if we consider that the lens is able to pro-
vide a residual addition of 1 D, the subject is able to
focus the scene on the retina with a SSVI of 1.12,
similar to the NBCVA value.
75Values for the subject B obtained with the proposed
metric also coincide with the VA. Due to the high
refractive error of the subject (6.25 D), the VA before
the surgery (Figure 2(b)) is very low (0.05) and also the
Table 1. Pre- and post-surgical optometric data and biometric data from subjects under study.
Subject A (hyperopic) Subject B (myopic)
Pre-surgical Post-surgical Pre-surgical Post-surgical
Sphere (D) 4.50 0 5.50 0
Cylinder (D) 0.75 0 1.50 0
Axis (deg) 85 0 180 0
Addition (D) 1.00 1.00 1.50 —
VA 0.05 1.0 0.05 0.9
NVA 0.05 0.8 0.1 0.8
BCVA 1.2 — 1.0 —
NBCVA 1.0 1.0 1.0 —
RA (D) 2.00 2.00 2.00 2.00
Ax. L. (mm) 22.12 25.26
Central corneal thk. (mm) 0.604 0.599 0.542 0.497
Ant. chamber L. (mm) 2.36 3.37
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VMSSIM, which is even slightly lower (0.02). Note that
5 the maximum value for the metric is 0.66 at z = 22.81
mm; which means an objective spherical equivalent
refractive error of 5.7 D. Such low VMSSIM is due to
the high astigmatism of the eye. The measurement of the
NVA at 40 cm can be simulated moving the patterns 2.5
10 D in the direction of the retinal plane. Thus, we admit
that the subject would observe an image in near vision
without correction that corresponds with the one
provided at the plane z = 24.12 mm, with a VMSSIM
equal to 0.05. This result agrees with the subjective
15 NVA (0.1).
The VMSSIMs obtained for this subject after surgery
(Figure 2(c)) are also consistent with the VA. The maxi-
mum VMSSIM (0.88) results at the plane z = 25.21 mm.
The surgery has displaced the best image plane to the
20 retinal plane, around 5.6 D. This means that there is still
a low myopia. At the retinal plane, the VMSSIM
value (0.84) presents an excellent agreement with the
subjective visual acuity (0.9). Regarding near vision, the
VMSSIM is similar to subjective NVA.
25 5. Discussion
The proposed VMSSIM correlates with the VA and
seems to allow quantiﬁcation of the quality of vision,
although a statistical analysis involving more subjects
must be performed. A metric that determines the retinal
30image quality should have a monotonous behavior and
be simple [31]. We expect the VMSSIM obeys this
statement, so we have studied its evolution with the
distance to the retinal plane and looked for a ﬁtting
function. The ﬁtting function must fulﬁll a minimum set
35of physico-mathematical requirements: it must be contin-
uous, positive, tend to zero when defocus tends to a very
high value, present no symmetries, and have no vertical
asymptotes. All these conditions lead us to choose an
asymmetric variant of pseudo-Voigt function. This
40function is a linear combination of a Lorentzian and a
Gaussian function as follows:
VSSIðDÞ ¼ A xL
x2L þ ðD D0LÞ2
þ Bexp ln2ðD D0GÞ
2
x2G
 !
; ð5Þ
where D represents the distance from any plane to the
45retinal one expressed in diopters, D0L and D0G, respec-
tively, are the positions of the maxima of the Lorentzian
and the Gaussian functions, and 2ωL and 2ωG are the
full width at half maximum of each function.
Figure 1. (a) Axial VMSSIM and propagated beam section inside the eye of subject A, (b) pre- and (c) post-surgery, together with
natural images computed at the retinal plane. Patterns are normalized plane to plane in order to improve visualization.
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The computed VMSSIM values have been ﬁtted to
5 Equation (5) and are presented, together with the 95%
conﬁdence bounds of the ﬁtting in Figure 3. Positive and
negative diopters denote anterior and posterior planes to
the retinal one whereas 0 diopters stands for the retinal
plane.
Figure 2. (a) Axial VMSSIM and propagated beam section inside the eye of subject B, (b) pre- and (c) post-surgery, together with
natural images computed at the retinal plane.
Mon
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e
Figure 3. VMSSIM (triangles and squares) at different planes from the retinal one in diopters, computed for both subject A (a) and
subject B (b). Solid and dashed lines correspond to the ﬁttings to Equation (5) and their conﬁdence bounds, respectively. (The colour
version of this ﬁgure is included in the online version of the journal.)
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5 The slope of the ﬁtted curves decreases as defocus
increases, i.e. far away from the peaks in Figure 3.
Holladay et al. [32] measured the subjective VA in sub-
jects of radial keratotomy and experimentally found a
similar decay. Results found by Dehnert et al. [33],
10 whom related the VA with a simulated defocus and
obtained mean values of 0.33 and 0.18 for a defocus of
1D and 2D, respectively, support those provided by our
method. We respectively obtain VMSSIM values of 0.29
± 0.08 and 0.13 ± 0.08 for the subject A, and 0.39 ± 0.03
15 and 0.11 ±0 .04 for subject B.
Parameters from the ﬁtting of VMSSIM values
together with the residual accommodation allow charac-
terizing and predicting the visual quality. In Figure 4, we
present a scheme to summarize the determination of the
20 VMSSIM at the retinal plane for any object distance,
zobj. It is divided, depending on the position of the maxi-
mum VMSSIM from retinal plane, D0, measured in
diopters. Moreover, we distinguish between different
sections of the object space where total, partial, or null
25 residual accommodation is available.
6. Conclusions
In this paper, we have presented a metric that takes
into account the distortion on a natural scene caused
by the human optical system and, together with a
30 customized eye model and a light pattern propagation
technique, provides similar results to those obtained
using tests to measure visual acuity, both for far and
near distances.
The emergence in recent years of new metrics based
35 on SSIM (SSIM Gradient, three-component multi-scale
SSIM, etc.) [34,35] allows continuation of these studies
and improvements in the precision and accuracy of
results; however, the complexity of calculations will
inevitably increase. Furthermore, as van der Linde and
40 Doe show in [36], the visual quality that a subject
assigns to a distorted natural image depends on the
affective content of the image. This fact increases the
difﬁculty in the search for algorithms that relate the
optical quality of the eye with the visual quality of
45the subject.
Despite the need of carrying out a statistical
study of the posed technique to accurately value its
performance, the method and the metric have shown
objectively predict the subject’s visual capacity. We
50expect it to be really useful to better strategize and
evaluate corrective optical systems and ophthalmic
surgery. Note that, we have clearly separated the optical
effects of cornea and crystalline lens so they can be
independently modiﬁed if the refractive status of the eye
55changes due to a contact lens, corneal ablation or intra-
ocular lens implant. The method can also be used to
design new corneal proﬁles in order to obtain extended
depth of focus and large pseudo-accommodation ranges
[37].
60Acknowledgements
The authors would like to acknowledge the ﬁnancial support of
the Generalitat Valenciana through the projects PROMETEO/
2011/021 and ISIC/2012/013 and the University of Alicante
through the project GRE10-09.
65References
[1] Howland, H.C.; Howland, B. J. Opt. Soc. Am. 1977, 67,
1508–1519.
[2] Santamaría, J.; Artal, P.; Béscos, J. J. Opt. Soc. Am. A
1987, 4, 1109–1114.
70[3] Artal, P.; Iglesias, I.; López-Gil, N.; Green, D. J. Opt.
Soc. Am. A 1995, 12, 2358–2366.
[4] He, J.C.; Marcos, S.; Webb, R.H.; Burns, S.A. J. Opt.
Soc. Am. A 1998, 15, 2449–2456.
[5] Salmon, T.O.; Thibos, L.N.; Bradley, A. J. Opt. Soc. Am.
75A 1998, 15, 2457–2465.
[6] Moreno-Barriuso, E.; Marcos, S.; Navarro, R.; Burns, S.
A. Optom. Vision Sci. 2001, 78, 152–156.
[7] Artal, P.; Guirao, A. Opt. Lett. 1998, 23, 1713–1715.
[8] Illueca, C.; Mas, D.; Pérez, J.; Pons, A.M.; Artigas, J.M.
80J. Mod. Opt. 2001, 48, 811–829.
[9] Artal, P.; Berrio, E.; Guirao, A.; Piers, P. J. Opt. Soc. Am.
A 2002, 19, 137–143.
[10] Born, M.; Wolf, E. Principles of Optics; Pergamon Press:
Oxford, 1993.
85[11] Wyant, J.C.; Creath, K. In Applied Optics and Optical
Engineering; Shannon, R.R., Wyant, J.C., Eds.; Academic
Press: New York, 1992; Chapter 1.
[12] Roorda, A. In The Encyclopedia of Imaging Science and
Technology; Hornak, J.P., Ed.; John Wiley & Sons: New
90York, 2002.
[13] Eskicioglu, A.M.; Fisher, P.S. IEEE Trans. Commun.
1995, 43, 2959–2965.
[14] Van Dijk, A.M.; Martens, J.B. Signal Process. 1997, 58,
235–252.
95[15] Chen, C.H.; Yao, Y.; Page, D.L.; Abidi, B.; Koschan, A.;
Abidi, M. In Proceedings of the Second International
Symposium on Advances in Visual Computing; Springer-
Verlag: 2006; pp 751–760.
Figure 4. How to calculate VMSSIM, as a function of zobj, the
location of the object, and D0, the position of the maximum
VMSSIM with reference to retina in diopters. (a) Sections
where all the RA is used. (b) Section where part of the RA is
used. (c) Section where the RA is not used.
6 J. Pérez et al.
TMOP 794394 QA: KS
18 April 2013 Initial
[16] Girod, B. In Visual Factors of Electronic Image Commu-
5 nications; Watson, A.B., Ed.; MIT Press: Cambridge,
MA, 1993; pp 207–220.
[17] Wang, Z.; Bovik A.C.; Simoncelli, E.P. In Handbook of
Image and Video Processing; Bovik, A., Ed.; Elsevier
Academic Press: 2005; pp 961–974.
10 [18] Wang, Z.; Bovik, A.C. IEEE Signal Process. Mag. 2009,
26, 98–117.
[19] Wang, Z.; Bovik, A.C.; Sheikh, H.R.; Simoncelli, E.P.
IEEE Trans. Image Process. 2004, 13, 600–612.
[20] Rouse D.M.; Hemami, S.S. In Proceedings of the IEEE
15 International Conference on Image Processing, San
Diego, CA, October 2008; pp 1188–1191.
[21] Mas, D.; Pérez, J.; Vázquez, C.; Hernández, C.; Illueca,
C. J. Mod. Opt. 2003, 50, 1335–1352.
[22] Pérez, J.; Mas, D.; Illueca, C.; Miret, J.J.; Vázquez, C.;
20 Hernández, C. J. Mod. Opt. 2005, 52, 1161–1176.
[23] Ortiz, D.; Alió, J.L.; Illueca, C.; Mas, D.; Sala, E.; Pérez,
J.; Espinosa, J. J. Refractive Surg. 2007, 1, 39–44.
[24] Illueca, C.; Alió, J.L.; Mas, D.; Ortiz, D.; Pérez, J.; Espinosa,
J.; Sala, E. J. Refractive Surg. 2008, 24, 344–349.
25 [25] Espinosa, J.; Mas, D.; Perez, J.; Illueca, C. Opt. Lett.
2008, 3, 1960–1962.
[26] Konstantopoulos, A.; Hossain, P.; Anderson, D.F. Brit. J.
Ophthalmol. 2007, 91, 551–557.
[27] Kooijman, A.C. J. Opt. Soc. Am. 1983, 73, 1544–1550.
30[28] Mas, D.; Espinosa, J.; Domenech, B.; Pérez, J.; Kasprzak,
H.; Illueca, C. Ophthalmic Physiol. Opt. 2009, 29, 219–226.
[29] Applegate, A.; Lakshminarayanan, V. J. Opt. Soc. Am. A
1993, 10, 1611–1623.
[30] Atchison, D.A.; Joblin, A.; Smith, G. J. Opt. Soc. Am. A
351998, 15, 2545–2551.
[31] Campbell, C.E. J. Refractive Surg. 2004, 20, 495–503.
[32] Holladay, J.T.; Lynn, M.J.; Waring, G.O.; Gemmill, M.;
Keehn, G.C.; Fielding, B. Arch. Ophthalmol. 1991, 109,
70–76.
40[33] Dehnert, A.; Bach, M.; Heinrich, S.P. Ophthalmic Physiol.
Opt. 2011, 31, 625–631.
[34] Chen, G.H.; Yang, C.L.; Xie, S.L. In Proceeding of the
IEEE International Conference on Image Processing,
2006; pp 2929–2932.
45[35] Li, C.; Bovik, A.C. Proc. SPIE 2009, 7242, 72420Q.
[36] van der Linde, I.; Doe, R.M. J. Opt. Soc. Am. A 2012, 29,
1948–1955.
[37] Luger, M.H.A.; Ewering, T.; Arba-Mosquera, S. J.Optom.
2012, 5, 9–23.
50
Journal of Modern Optics 7
TMOP 794394 QA: KS
18 April 2013 Initial
